I identify 4 topics for future research. 1) Our knowledge of rodents from the developing world is limited, yet recent evidence suggests that many species are highly social. I concentrate on South American rodents to demonstrate the wealth of information available when we study these taxa and incorporate the findings into our current paradigms of social evolution. 2) Relatively little is known about proximate mechanisms that govern social systems. Research on the neuroendocrine basis of pair-bond formation and paternal care has provided valuable insights, but many questions remain. 3) Mounting evidence indicates that, in addition to genetics, social environment can play a major role in behavioral and physiological development. Studies on effects of early social environment would contribute to our understanding of ontogeny of individual differences in social species. 4) Recent evidence suggests a significant geographic variation in social characteristics of some rodent species. The extent and ecological correlates of such intraspecific variation merit further investigation.
The papers in this Special Feature have highlighted the advances made in our understanding of the social biology of rodents. Critical new findings spanning mechanisms, ecology, and evolution of rodent social systems have been presented in the preceding papers. In this concluding paper, I provide a broad overview by focusing on new themes that are currently salient in the study of rodent sociality and by identifying future directions for research, particularly in areas that might have been neglected.
Despite the wealth of information already available on various aspects of rodent social behavior and social systems, many facets demand additional attention. I have identified 4 areas of recent research that have yielded new insights and that are likely to emerge as challenges in future studies of rodent sociality. The areas I address reflect * Correspondent: zuleyma@umsl.edu my own personal interests, and they are not intended to be an exhaustive list, either of emerging themes or future challenges. Certainly, other areas could be as important, and research on other questions might well yield valuable contributions and provide new insights into our understanding of sociality.
CHALLENGE I: STUDIES OF LATIN AMERICAN RODENTS
With a few exceptions (naked mole-rats, Heterocephalus glaber; tuco-tucos, Ctenomys- Jarvis and Bennett 1991; Lacey and Wieczorek 2003; Sherman et al. 1991) , much of our empirical and theoretical understanding of rodent social systems is based on studies of temperate species, particularly sciurids and murids, from North America and Eurasia. Attempts to address factors responsible for group living and so-cial evolution also have focused on grounddwelling sciurids (Cynomys, Spermophilus, Marmota-Armitage 1988; Barash 1974; Michener 1983; Slobodchikoff 1984) and social murids, Microtus ochrogaster and M. pinetorum (Powell and Fried 1992; Solomon and Getz 1997) . The African Bathyergidae (Bennett and Faulkes 2000; Jarvis and Bennett 1991) , the family that includes the most social of all known rodents, the eusocial naked mole-rat (Heterocephalus glaber), is one of the very few tropical families that has been studied extensively (Jarvis and Bennett 1991) . Despite its unique social system that is representative of few other known species of rodent, H. glaber has been studied extensively (e.g., Braude 2000; Sherman et al. 1991 ) and proposed as an archetype for hypotheses on rodent social evolution (Alexander 1991; Jarvis et al. 1994; Lacey and Sherman 1997) .
Although little information exists on rodents (both tropical and temperate) from parts of Asia, most of Africa, and Central and South America, M. A. Mares (in litt.) and B. D. Patterson (in litt.) have emphasized that our general knowledge of South American rodents is particularly lacking. Entire families, genera, and species, many possessing uncommon characteristics and living in unusual habitats (e.g., salt flats, forest canopy), have been discovered recently in South America, but we know little about their biology. Many other species probably remain to be discovered.
Lack of information on social behavior is even more striking, even among species that have been investigated taxonomically, morphologically, and ecologically. Although social behavior of only a few South American rodents has been examined, a significant number of species, particularly among hystricognaths, appear to live in groups and demonstrate social characteristics (Ebensperger 1998 (Ebensperger , 2001 . Ebensperger (1998) convincingly emphasizes the dangers of theorizing about social evolution of rodents based on limited numbers of species, without taking into account the many temperate and neotropical South American species that appear to be social. His attempts to integrate hystricognath rodents into current hypotheses of rodent social evolution already have highlighted the complexity and multifactorial nature of influences that appear to have shaped group living and sociality of Latin American species (Ebensperger 1998 (Ebensperger , 2001 ). Moreover, some South American rodents have social structures analogous to those found in North American species (e.g., Octodon degus and Cynomys), whereas others, such as capybaras (Hydrochaeris hydrochaeris), have a distinctive social system that might be more comparable to that of ungulates (Herrera and Macdonald 1987; E. A. Herrera, pers. comm.) Members of the Octodontidae, Caviidae, and Chinchillidae might provide a basis for evolutionary comparisons with the bathyergids, ground-dwelling sciurids, and social murids. For example, the octodontid cururo (Spalacopus cyanus) is a highly fossorial species that lives in groups of 6-15 individuals (including adults and young from several generations) that share a burrow system (Ebensperger 1998; Reig 1970; Torres-Mura 1990) . Social habits, ecology, and behavioral ecology of cururos provide a striking parallel to some African bathyergids (Ebensperger 1998) .
Because information on Spalacopus still is relatively limited, additional studies on the social behavior of these species and of other neotropical fossorial species, such as Aconaemys fuscus, are needed. After more data become available, South American ground-dwelling species (e.g., Spalacopus, Aconaemys, Ctenomys) can be used as models to test hypotheses of social evolution among subterranean species (Jarvis et al. 1994) , an enterprise that already has yielded interesting results in the case of 2 Ctenomys species (Lacey and Wieczorek 2003) .
Two caviids, the guinea pigs Cavia aperea and Galea musteloides, are also reported to live in groups but have very different social behaviors and mating systems (Sach-ser et al. 1999) . Wild cavies (C. aperea) are polygynous, and adult males are intolerant of each other. In contrast, yellow-toothed cavies (G. musteloides) have a promiscuous mating system; males are tolerant of one another, and females benefit from sperm competition Sachser et al. 1999) .
Among semifossorial octodontids, degus (Octodon degus) are diurnal, highly social rodents that exhibit aggression against nongroup members. Social groups consist of several adult individuals that share burrows and cooperate in burrow construction (Ebensperger 1998; Ebensperger and Bozinovic 2000; Fulk 1976 ). Comparative studies within the genus Octodon (e.g., O. degus, O. bridgesi, O. lunatus) and between Octodon and Cynomys could provide insights into factors, such as benefits of communal burrow constructions and predator avoidance, that could influence group living in these species (Ebensperger 1998; Ebensperger and Bozinovic 2000) . Similarly, the plains vizcacha (Lagostomus maximus; Chinchillidae) and the cavies (Microcavia australis and M. niata) live in mixed-sex groups, use alarm calls, and share burrows (Branch 1993a (Branch , 1993b Contreras and Roig 1978; Ebensperger 1998; Marquet et al. 1993; Rood 1970 Rood , 1972 . M. australis is unusual in that it displays little aggression, even among members of different family groups (Rood 1970) . Similarities between aspects of the social behaviors of these species and those of North American social sciurids and microtines are striking.
The punaré (Thrichomys aperoides), another hystricomorph rodent native to Brazil and Uruguay, demonstrates biparental care (Thompson 1985) . Fathers are highly involved in care of the precocial young and exhibit all forms of parental care, with the exception of nursing. Paternal behavior lasts longer than maternal care and, as young become older, father-young interactions often are characterized by play and elements of social dominance. Paternal care among mammals is most common in monogamous species with altricial young. Punarés defy this characterization because they are polygynous and young are highly precocial. Thompson (1985) suggests that stable male home ranges that overlap those of several females facilitate certainty of paternity and male care. This species provides another example that does not conform to social hypotheses (i.e., association of paternal care with monogamy and altricial young) generated for North American and European species.
If there is a paucity of information on the social behavior and social organization of South American hystricognaths, even less is known about South American murids. Preliminary evidence suggests that the social system of the white-throated rice rat (Oryzomys albigularis), a species inhabiting the Venezuelan cloud forests, might be comparable to that of Microtus ochrogaster, M. pinetorum, and Peromyscus californicus. Moscarella and Aguilera (1999; A. Moscarella and M. Aguilera, pers. comm.) report that, in laboratory studies, male O. albigularis cohabit with females for long periods, with both members of the pair showing amicable behaviors without any signs of aggression. Males also sometimes remain next to the female during birth. There is no evidence of cannibalism, and males are involved in all aspects of parental care, including huddling over young, licking and grooming them, and retrieving them when they wander from the nest or are disturbed. Unfortunately, detailed quantitative studies of the mating system and parental behavior of this species have not been conducted; we also do not know if older siblings participate in alloparenting because, in studies by Moscarella and Aguilera (1999- It is tempting to speculate on the reasons for the lack of information on social behavior of rodents from Latin America and other parts of the developing world. Certainly, science in these countries is itself underdeveloped and, until recently, there were few native scientists trained in the study of behavior and behavioral ecology. In addition, scientists from the developed nations were not always willing to tackle the difficult logistics inherent in working in underdeveloped areas of the world (e.g., language differences, lack of infrastructure, difficulty in obtaining necessary permits). These factors, combined with the conviction that hypotheses and theoretical constructs relevant to North American and European species would be equally applicable to species from other parts of the world, likely contributed further to the neglect of many taxa.
The capybara or ''chigüire'' (Hydrochaeris hydrochaeris), the world's largest rodent, is among the few neotropical species whose social behavior and behavioral ecology have been studied extensively (Herrera 1992 (Herrera , 1999 Herrera and Macdonald 1987 , 1993 Schaller and Crawshaw 1981) , and it demonstrates the wealth of information that can be obtained by studying previously neglected species. Capybaras, which weigh about 50 kg and are cursorial and semiaquatic, are found in the seasonally flooded savannas (llanos) of Venezuela and Colombia; in the Brazilian Pantanal; and in wet savannas of Argentina, Bolivia, Peru, and Uruguay (Alho et al. 1987; Herrera 1999; Jorgenson 1986; Ló-pez de Ceballos 1974; Quintana and Rabinovich 1993) .
Hydrochaeris has been studied most extensively in Venezuela, and the following account of its social behavior is based on these studies (Herrera and Macdonald 1987 , 1993 . Highly stable, close-knit social groups composed of adults and young of both sexes can contain 4-40 individuals, with a mean group size of 10 adults. Although social groups are generally highly territorial, capybaras can aggregate in groups of up to 100 at remaining water sources during the dry season. The mating system is polygynous; males have a rigid, linear hierarchy; dominant males obtain most, but not all, of the matings; young from different mothers aggregate in communal crêches; lactating females engage in communal nursing; and there is cooperative defense against predators, including ''bunching,'' with adults surrounding young and juveniles. Some evidence, albeit equivocal, suggests that breeding might be synchronous (E. A. Herrera, pers. comm.) . Communication is complex and includes alarm calls (Yáber 1990 ) and other vocalizations, as well as scent-marking behaviors (Herrera and Macdonald 1994) . Groups of juveniles (subadults) disperse, accompanied by a subordinate male from the natal herd; these dispersing groups appear to be the source of new social groups. Apparently, dispersal is not sex-biased, either in terms of frequency of dispersal or distance traveled. Alternatively, in one population dispersal may be initiated by loner juvenile males that do not belong to any group (E. A. Herrera, pers. comm.; Salas 1999) . Currently, no information on genetic structure of populations exists, but the pattern of dispersal suggests that matings between related individuals might be common, and genetic relatedness among group members could be high. DNA studies are currently in progress (E. A. Herrera, pers. comm.) .
The unusual characteristics of capybara sociality make it difficult to find North American rodent taxa with which to compare it. Like the beaver (Castor canadensis), capybaras are semiaquatic. However, unlike beavers, capybaras live on seasonally flooded plains and savannas. Like prai-rie dogs (Cynomys), they are plains dwelling, but unlike prairie dogs and other ground squirrels, they do not build or use burrows. Comparisons with other social, grassland, nonburrowing South American species such as the Peruvian vizcacha (Lagidium peruanum -Pearson 1948) and with African ungulates (Jarman 1974; Leuthold 1977) could provide the best insights into factors responsible for social characteristics of this species.
With only a few exceptions, the study of behavioral ecology of rodents from the developing world is still at an early stage. Because of space limitations, I have concentrated on South American taxa, but there is a similar paucity of information on rodents from other areas. We do not know either how widespread sociality is among these neglected groups or how their social characteristics compare to those of the better known North American and Eurasian temperate species. Only the recent work of Chilean behavioral ecologist L. A. Ebensperger and his colleagues (e.g., Ebensperger 1998 Ebensperger , 2001 Ebensperger and Cofré 2001) , Lacey and Sherman (1997) , and Lacey and Wieczorek (2003) have attempted to incorporate information on South American rodents into hypotheses of social evolution. With the exception of the ''aridity food distribution hypothesis'' (Jarvis et al. 1994 ), all other current hypotheses are based on a small number of temperate species that represent only a minority of all rodents and that could prove to be anomalous when more is known about diversity of social patterns. Therefore, integration of information on species from other parts of the world is imperative if we are to formulate hypotheses that truly represent the breadth and diversity of rodent social evolution. Collection of information on sociality of rodents from South America and other understudied regions and integration of that information into our thinking present an important challenge to students of social evolution.
CHALLENGE II: NEUROENDOCRINE SUBSTRATES OF SOCIALITY
There is an extensive literature on the hormonal correlates of sexual and maternal behavior in mammals, including rodents (Bridges 1990; Carter 1998; Nelson 1995) , but only recently have scientists examined the more distinctive behaviors associated with higher levels of sociality in monogamous rodents. Two aspects of neuroendocrine control have emerged as important areas of study. One aspect is the control of pair-bonding behaviors; the model rodent for these studies has been the prairie vole (Microtus ochrogaster). The 2nd area of study concerns neuroendocrine correlates of direct paternal care (e.g., huddling, retrieving, and grooming young) in several species of social monogamous rodents. This research has contributed significantly to our understanding of pair bonding and paternal care, but questions remain.
Until the early 1990s, we knew almost nothing about the neuroendocrine substrates of pair bonding. Research by S. Carter and her collaborators (Carter 1998; Carter and Roberts 1997 ) has provided vital information on the prairie vole. Specifically, neurohypophyseal-neuropeptide hormones, oxytocin (also involved in birth and lactation), and vasopressin (important in water retention and blood pressure regulation) appear to be most important in social attachment and pair bonding. In experimental studies, the method of hormone administration (central as opposed to peripheral) and the sex of the subject are significant factors affecting behavioral responses to these 2 hormones. Additionally, animals show geographic differences in responsiveness. Effects described in this section are based on studies of prairie voles from central Illinois; in the section ''Geographic Variation,'' I address intraspecific differences in responsiveness.
Although all investigators agree that oxytocin and vasopressin are important in pairbond formation in monogamous rodents, there still is some debate about their relative importance between the sexes. Specifically, some studies suggest that the 2 hormones are important in male and female pair formation; others suggest that oxytocin promotes pair bonding in females but not males and that vasopressin facilitates pair bonding in males but not females.
In some studies, male and female prairie voles treated with intracerebral ventricular injections of oxytocin spend more time in contact with their partner compared with voles that have not received oxytocin, although the effect was more potent in females (Carter 1998; Carter et al. 1995; Cho et al. 1999; DeVries et al. 1996; Witt et al. 1990) . In other studies, centrally administered oxytocin was found to facilitate pair bonding only in females (Insel and Hulihan 1995; Williams et al. 1994; Young et al. 1998) . Moreover, peripheral treatment with oxytocin also increases partner affiliation only in females (Cushing and Carter 2000) .
Centrally administered vasopressin affects pair bonding (Cho et al. 1999 ) and is particularly important in males (Carter 1998; Cushing et al. 2001; Liu et al. 2001; Wang et al. 1998; Winslow et al. 1993; Young et al. 1998 ), but peripheral vasopressin does not increase partner preferences in males or females (Cushing et al. 2001) . Centrally administered vasopressin also increases territorial defense and mate guarding by males, but oxytocin does not (Carter 1998; Winslow et al. 1993) .
The critical role of oxytocin and vasopressin in pair bonding is indicated further by differential expression and distribution of their receptors in brains of monogamous and polygynous voles (Insel and Shapiro 1992; Insel et al. 1994 Insel et al. , 1997 Wang et al. 1998; Young et al. 1998) . Species differences in vasopressin receptor sites (V1a receptor binding sites) are due to differential V1a receptor gene expression in monogamous versus polygynous voles Wang et al. 1998; Young et al. 1997) . Thus, differential expression of oxytocin and vasopressin brain binding sites might be an important mechanism regulating monogamy and social bonding in rodents.
Other hormones might affect formation or maintenance of pair bonds, but results are difficult to interpret. For example, although intraventricular injections of oxytocin significantly lower blood levels of corticosterone (DeVries et al. 1996) , evidence suggests that stress, corticosterone injections, or both facilitate pair-bond formation in males (DeVries et al. 1996) . However, exposing females to stressful conditions does not facilitate pair-bond formation with males (DeVries et al. 1996) , but it does promote social preferences for other females (Carter 1998) . Catecholamines, particularly dopamine, also might play a direct or indirect role in pair bonding (Wang et al. 1999) . Carter (1998) suggests that oxytocin and catecholamines might interact and that the latter, acting on the nucleus accumbens, might reinforce or reward pair-bond formation.
Paternal care is a frequent behavioral correlate of monogamy in rodents, but neuroendocrine control of naturally occurring paternal behavior has received limited attention, despite excellent information reported by Brown (1993) . Many results obtained to date must be considered correlational or preliminary rather than causal and conclusive (Wynne-Edwards and Reburn 2000) . Oxytocin, vasopressin, and prolactin are implicated in various aspects of mammalian maternal care (Bridges 1990; Carter 1998; Nelson 1995; Wynne-Edwards and Reburn 2000; Wang et al. 2000) , and they also appear to be important in paternal care, although their exact role could vary across species. Estradiol, progesterone, and corticosteroids also are involved in maternal care, but their function, if any, in male parental behavior is unclear (Wynne-Edwards and Reburn 2000) . Nonetheless, the current assumption is that males possess the same neuroendocrine pathways for parental behavior as females do and that the same hormones that activate maternal behavior will activate paternal behavior under the appro-priate conditions (Wynne-Edwards and Reburn 2000).
In some species that normally exhibit biparental care, including Djungerian hamsters, Phodopus campbelli (Reburn and Wynne-Edwards 1999) , and the California mouse, Peromyscus californicus (Gubernick and Nelson 1989), prolactin increases in males at about the time they begin to show paternal behavior. In the Mongolian gerbil, Meriones unguiculatus, male prolactin levels are elevated throughout the female's pregnancy but differ significantly from those of unmated males only when young are 20 days old (Brown et al. 1995) . Testosterone increases prior to the birth of young and then drops to low levels in paternal Djungerian hamsters (Reburn and Wynne-Edwards 1999) and Mongolian gerbils (Brown et al. 1995) , particularly during the 1st few days after the birth; these effects are consistent with defense of the female before she gives birth, followed by a decrease in aggression that could protect young from infanticide (Reburn and WynneEdwards 1999) .
The role of vasopressin in paternal behavior is unclear. In situations conducive to paternal care, vasopressin levels are elevated in brains of male prairie voles (Bamshad et al. 1993 (Bamshad et al. , 1994 . This has led to the suggestion that vasopressin might be most important in facilitating or priming social attachments between parents and offspring (Carter 1998; Wynne-Edwards and Reburn 2000) . However, Lonstein and DeVries (1999) found that sexually and parentally inexperienced castrated male prairie voles that are highly parental show almost no vasopressin immunoreactivity in relevant brain nuclei. Therefore, they conclude that neither vasopressin nor gonadal hormones are essential for expression of paternal behavior in this species. Conversely, in a comparison of California and white-footed mice (Peromyscus leucopus), Better-Meredith et al. (1999) found more vasopressin receptors and immunoreactivity in brains of biparental species.
The role of oxytocin also is uncertain. Oxytocin, perhaps interacting with corticosteroids, could have indirect, facilitative effects on parental attachment to young in rats and in some biparental species (Carter 1998) . However, oxytocin levels are not correlated with paternal care in the California mouse (Gubernick et al. 1995; WynneEdwards and Reburn 2000) .
Given the amount of information currently available on the neuroendocrine basis of social affiliation, and particularly pair bonding and paternal care, one might wonder why I have chosen to include this topic as a neglected question and future challenge for research in rodent sociality. There are several reasons. First, the only species for which we have fairly detailed information on pair bonding is the prairie vole. Other monogamous species have been examined minimally or not at all. Even in the prairie vole, we do not totally understand interactions (e.g., possible priming, facilitation, reinforcement, synergistic, or antagonistic effects) among certain hormones implicated in pair bonding and related social behaviors. One case in point is corticosterone; this hormone appears to affect pair-bond formation in male prairie voles and might influence actions of oxytocin with regard to parental care in rats (and presumably other rodents), but exact mechanisms have yet to be determined (Carter 1998) . Likewise, catecholamines might act synergistically with oxytocin in reinforcing and strengthening the pair bond in prairie voles (Carter 1998 ), but their effects and mechanisms of action are still unclear. Reasons that some hormones are effective when administered centrally, but not when administered peripherally, are incompletely understood. Experiential effects on hormone action also need additional study (Lonstein and DeVries 1999) . The role of natural opiates, if any, also remains a mystery (Carter 1998) .
Second, in the case of paternal behavior, only a limited number of studies have been conducted on a limited number of species. Researchers have assumed that male re-sponses to hormones will be similar to female responses, but this assumption rarely has been tested (Reburn and Wynne-Edwards 1999; Wynne-Edwards and Reburn 2000) . As in the case of hormones implicated in pair bonding, effects of some hormones that seem correlated with paternal behavior are not well understood. For example, cortisol might play a role in paternal behavior, but its function is not known (Wynne-Edwards and Reburn 2000). Moreover, as previously stated, all existing studies on effects of hormones on naturally occurring paternal behavior have been correlational; there is no clear-cut proof of causal effects (Wynne-Edwards and Reburn 2000). Furthermore, interspecific differences have not been investigated systematically.
Third, other aspects of neuroendocrine control of sociality demand attention. What are the neural centers and pathways that are activated during pair bonding and parental behaviors? What are the neural and hormonal correlates of mate and kin recognition (including parent-offspring recognition)? Although significant information on certain aspects of both questions exists (Brennan and Keverne 1997; Carter 1998; Gheusi et al. 1994; Kelly 1988; Tang-Martínez 2001) , much remains to be discovered. We also need additional information on genetic and experiential correlates of hormonal effects. Are neuroendocrine correlates of alloparental behavior the same as those elucidated for paternal and maternal behavior? Do hormones and other chemical substances produced by mothers have a pheromonelike effect on the behavior of their young and mate? For example, Carter (1998) suggests that perinatal exposure of young to maternal hormones, such as oxytocin, during birth and in the mother's milk could affect neural development and social attachment of young. Similarly, Wynne-Edwards and Reburn (2000) report that male Djungerian hamsters are exposed to maternally produced hormones when they ingest amniotic fluids and consume placental tissues as they assist the female during birth (i.e., ''midwifery''); these hormones could have powerful, but as yet unknown, effects on male behavior and social attachments. Finally, intraspecific variation in neuroendocrine responses, whether due to individual or geographic differences, merits further study.
CHALLENGE III: EFFECTS OF EARLY SOCIAL ENVIRONMENT
There is an extensive literature on the profound behavioral effects of early environment in a variety of birds and mammals (Adkins-Regan and Krakauer 2000; Harlow and Harlow 1962; Hess 1973; Marler 1991) . Denenberg (1968) was among the 1st to demonstrate effects of early environment on rodents. Specifically, he found that various forms of preweaning and postweaning stimulation affect emotionality and problem-solving behavior of rats (Denenberg and Morton 1962; Denenberg and Smith 1963) . Moreover, early experiences of rat mothers subsequently affect adult behaviors of their offspring (Denenberg and Whimbey 1963) . Other studies demonstrated that physical enrichment of rats' early environment (e.g., being provided with ''toys'' and the ability to manipulate objects), as well as social housing and human handling, affects learning ability, social behavior, and brain development (Cooper and Zubek 1958; Rosenzweig et al. 1972 ). Prenatal and postnatal environments influence parental behaviors in rats and mice (Kinsley 1990 ). In one recent study on rats, Francis et al. (1999) demonstrated that the amount of maternal licking during development of young influences stress responses and subsequent maternal behavior of offspring. Crossfostering studies revealed that these effects result from experience with the mother and are not under genetic control. Moreover, environmental manipulations that increased maternal licking were transmitted nongenomically for 3 generations without any additional manipulations (Francis et al. 1999) .
Field studies suggest that maternal con-dition and age can have profound effects on sexual maturation of offspring, thereby affecting fecundity and possibly influencing population cycles in voles and lemmings (Boonstra 1994) . Aging microtines suffer from a deterioration of the hypothalamicpituitary-adrenal axis (Boonstra 1994) ; such hormonal alterations in rats could affect behavior, including maternal behaviors. In turn, the behavior of the rat mothers can influence the hypothalamic-pituitary-adrenal axis and stress responses of their young (Levine 2001) . Although Boonstra (1994) did not address behavioral deficits, the studies discussed previously (Denenberg 1968; Denenberg and Whimbey 1963; Francis et al. 1999) suggest that physiological and behavioral effects on offspring, mediated by the behavior of older mothers, also might contribute to the demographic changes and population cycles observed in microtine rodents and described by Boonstra (1994) . Despite studies that highlight the importance of early social experience in shaping adult behavior of offspring, there is a shortage of information on how presence, absence, or behavior of family members during the postnatal period can affect adult behavior in highly social rodents. A notable exception involves cross-fostering studies showing that sibling discrimination is learned from conspecifics at the nest (Gavish et al. 1984; Halpin and Hoffman 1987; Holmes and Sherman 1982; Paz y Miño and Tang-Martínez 1999) . Also, several studies on prairie voles and California mice suggest that the experience of alloparenting is beneficial and might affect subsequent parental behavior of juveniles exposed to younger siblings and young that were alloparented by older siblings (Carter and Roberts 1997; Solomon 1994; Solomon and Getz 1997) . Additionally, newborn meadow voles cross-fostered to prairie vole parents subsequently showed higher levels of parental behaviors than meadow voles that had been raised by conspecific parents (McGuire 1988) .
In addition to parental behaviors and kin discrimination, other behaviors could be affected by postnatal, but preweaning, social environments. For example, ease of pairbond formation, aspects of sexual behavior, and learning ability potentially could be influenced by presence or absence of conspecifics during the postnatal period. All these behaviors could affect social and mating systems and reproductive success. Investigatory and exploratory behaviors, as well as general activity, also could be affected. Because these behaviors might be related to dispersal and philopatry, they could be of critical importance to social systems (Chepko-Sade and Halpin 1987; Solomon 2003) . They also might reflect shyness-boldness characteristics (Wilson et al. 1994 ) and could constitute important components of behavioral syndromes or ''personality'' profiles that could affect a range of functionally important behaviors (A. Sih, pers. comm.). Prairie voles normally exhibit individual variation in many of the behaviors mentioned above (e.g., exploratory and investigatory behavior, general activity, agonistic behaviors, ease of pair-bonding), but the source of this variation has never been examined. My lab is currently investigating naturally occurring variation in the early social environment of prairie voles as a possible factor influencing these individual differences. Specifically, we will examine the effects of being raised by both the mother and father as compared to the mother alone (this will simulate a natural situation in which the father is killed or disappears), growing up as the only offspring in a litter versus growing up with siblings, and the sex ratio of an infant's siblings in a litter. These experiments, currently in their early stages, should elucidate the ontogenetic importance of the early preweaning environment on the social behaviors of one social species. Similar studies on other species are desirable.
CHALLENGE IV: GEOGRAPHIC VARIATION Although Lott (1991) emphasized the existence and importance of naturally occur-ring intraspecific variation in social behavior of vertebrates, few researchers of rodent sociality have examined this issue. All too often, the implicit assumption seems to be that social organization is species specific and invariable from one population to the next. Emerging data from prairie and meadow voles suggest that this issue could be profoundly important.
Prairie voles from central Illinois (areas near the University of Illinois at Champaign-Urbana) and those from eastern Kansas (near the University of Kansas at Lawrence) differ significantly in various aspects of their social behavior and in some of their physiological responses to hormones and induction of estrus by novel male odors. Prairie voles from central Illinois are more social and exhibit more complex social behaviors than prairie voles from Kansas (Cushing et al. 2001; Roberts et al. 1998a Roberts et al. , 1998b . Specifically, voles from central Illinois are more affiliative, are more consistently monogamous, have higher levels of alloparenting, have a higher incidence of extended families, and are more likely to be philopatric compared with those from Kansas (Cushing et al. 2001; Roberts et al. 1998a Roberts et al. , 1998b ; N. G. Solomon, pers. comm.) . Additionally, male voles from Kansas are larger than females, have larger home ranges than females, are highly aggressive to conspecifics, and show weak levels of nest defense. Male voles from Illinois are less aggressive but more active in nest defense; there also is little sexual dimorphism in body size or home range size in Illinois.
Prairie voles from central Illinois and eastern Kansas also differ physiologically. Virgin female prairie voles normally do not come into estrus until they have been stimulated by a novel male for a relatively extended period of time. Roberts et al. (1998a) found that whereas estrus induction in females from Illinois requires about 48 h of exposure to a novel male, Kansas females come into estrus after only 25 h of exposure. Sexually inexperienced female voles from Kansas also are significantly more sensitive to exogenous estradiol used to induce lordosis than females from Illinois (Roberts et al. 1998a ). More recently, Cushing et al. (2001) demonstrated that male voles from Kansas (but not females) are more sensitive to behavioral effects of vasopressin compared with males from Illinois. Specifically, subcutaneously administered vasopressin injections facilitated partner preferences in males from Kansas, but not in males from Illinois. Surprisingly, however, there were no differences in distribution or binding of vasopressin (AVP) receptors in the brains (lateral septum, laterodorsal thalamus, diagonal band) of males from the 2 populations (Cushing et al. 2001) .
Intraspecific geographic variation in prairie vole social behavior could extend beyond the Illinois and Kansas populations. In fact, even speaking of an Illinois and a Kansas population could be misleading because only 2 populations in these states have been studied in detail. The Kansas population only refers to voles trapped near the University of Kansas at Lawrence, and the Illinois population refers to voles trapped in the vicinity of the University of Illinois at Champagne-Urbana. These 2 populations might not be representative of all populations from Kansas and Illinois. Prairie vole populations from other parts of Kansas and Illinois could well differ behaviorally and physiologically from the two that have been studied extensively up until now. If this should be the case, then studies of additional populations could lead to a revised understanding of the behavior and physiology of this species. In this context, it is interesting that Lonstein and DeVries (1999) observed differences in paternal behavior of male voles from Illinois and Indiana. Under similar laboratory conditions, males from Illinois, compared with those from Indiana, showed a higher frequency and duration of paternal behaviors under both intact conditions and after 8 weeks of castration. However, behavioral differences between these 2 populations have not been systematically studied, and other factors might have been responsible for these differences (Lonstein and DeVries 1999) .
Some evidence suggests regional differences in parental behavior of meadow voles (M. pennsylvanicus). Although male meadow voles from the United States rarely show parental behavior, Storey and Snow (1987) report that males from Canadian populations (Manitoba and Ontario) exhibit paternal behavior. Furthermore, Canadian females are more likely to allow their mate to enter the nest containing their recently born young (Storey et al. 1994) than are females in the United States.
Prairie voles and meadow voles are unlikely to be unique in displaying geographic variation in social behavior, yet we know almost nothing about intraspecific variation in other species of rodents. Even in the case of prairie voles, we do not yet fully understand environmental and evolutionary reasons for this variation. Roberts et al. (1998b) and Cushing et al. (2001) have suggested that habitat and resource characteristics (i.e., drier climate and lower resource abundance in Kansas) influence physiological and behavioral differences between populations. In the case of the meadow vole, the colder climate at the higher latitudes of Canada might promote biparental care (Cushing et al. 2001) . These are attractive hypotheses supported by some of the available information from populations that have been studied. Nevertheless, given that we do not know the extent of behavioral variation and currently do not have sufficient information on climatic and resource characteristics in other vole populations that could differ in behavior, any definitive conclusions are premature, and the climate-resource hypothesis must await additional data and rigorous testing.
Social variation also has been reported in yellow-bellied marmots, Marmota flaviventris (Armitage 1977 (Armitage , 1988 , and woodchucks, M. monax (Ferron and Oullet 1989; Meier 1992; Swihart 1992) . However, variation in social behavior and social organization in these species is transient and most likely due to temporary ecological conditions or changes in population density or sex ratio rather than to evolved genetic differences in different geographic settings (Armitage 1977; K. B. Armitage, pers. comm.) . Social differences in other rodents, including the voles Clethrionomys rufocanus (Ylönen and Viitala 1987) , Microtus agrestis (Viitala 1977) , M. arvalis (Frank 1957) , and M. xanthognathus (Wolff and Lidicker 1981 ) also seem to be transient (Lott 1991) . Behavioral variation in different populations of the red squirrel, Tamiasciurus hudsonicus (Layne 1954; Smith 1968) are correlated with latitude, climate, food availability, population density, and number of litters produced per year (Heaney 1984). We do not know if this variation reflects genetic differences or transient phenotypic plasticity.
In contrast, prairie voles from central Kansas, central Illinois, and Indiana maintained under similar environmental conditions in the laboratory continue to exhibit behavioral differences; this suggests strongly that their behavioral differences are genetically influenced, perhaps because of different selective pressures in different habitats. If this is correct, then the geographic variation demonstrated by prairie voles, and possibly meadow voles, might be more fixed and, thus, different from the variation found in some other species. One caveat is that when prairie voles are reared by both parents, alloparenting of the next generation is more common in voles from central Illinois; however, when they are reared only by their mother, there is no difference in alloparenting behavior between populations (Carter 1998) . This suggests that early social environment exerts long-lasting effects on this behavior.
Additional information on geographic variation in other species is essential. It appears that not all social variation is equivalent or has similar origins. Studies on environmental and genetic influences are crit-ical to an adequate understanding of ecological and evolutionary origins of intraspecific variation in social behavior and social systems.
CONCLUSIONS
Despite an expanding body of literature on rodent social systems and sociality, much remains to be investigated. In this review, I have identified 4 areas of recent significant advances that require additional research. Space limitations preclude a more exhaustive treatment of exciting new areas of research and future challenges. Nonetheless, I should emphasize that even though I focused on the need to know more about Latin American rodents, similar arguments can be made about most African and Asian rodents.
The study of proximate causation of behaviors associated with higher levels of sociality is still in its infancy, yet understanding proximate mechanisms could be critical to understanding functional and evolutionary implications (Real 1994; Stamps 1991) , including evolutionary origins of social systems. Indeed, I would argue that to adequately understand the evolution of sociality, it is essential that we integrate our knowledge of mechanisms with information on ecology and natural history of the species we study. I have emphasized neuroendocrine mechanisms and early social influences on ontogeny, but other proximate factors (e.g., neural circuitry, pheromones, learning, social experiences) are undeniably important (Carter and Roberts 1997) and merit additional study in a wider assortment of social rodents.
One question that often arises in discussions of rodent sociality is the relationship of laboratory studies to the real life of animals in the field. Attempts must be made to determine the significance of laboratory findings to rodents living under natural conditions (Solomon and Getz 1997) . Ideally, field studies should generate questions that can be tested under controlled conditions in the laboratory. Laboratory research is important because, frequently, rigorously controlled tests on behavior, physiological mechanisms, and ontogeny are difficult or impossible to conduct under field conditions. At the same time, it is equally important to test laboratory findings by designing field experiments that can elucidate whether the results obtained in the laboratory are relevant to field situations.
Recent studies of rodent sociality have yielded fascinating and valuable insights. The challenge for the future is to incorporate information on rodents from lesser known areas of the world, to increase the number of species studied in detail, and to integrate proximate mechanisms, ontogeny, and evolutionary explanations.
RESUMEN
En este artículo identifico 4 temas para investigaciones futuras. 1) Tenemos escasos conocimientos sobre los roedores de los países en desarrollo, pero investigaciones recientes sugieren que muchas de estas especies son altamente sociales. Me concentro en roedores suramericanos para demonstrar la cantidad de información que ya existe y que se puede incorporar a las teorías modernas de la evolución social. 2) También, sabemos poco acerca de los mecanismos próximos que controlan los sistemas sociales. Investigaciones sobre la base neuroendocrinológica de la formación de parejas monógamas y el cuido de la cría por parte de los padres han proporcionado valiosa información, pero aún quedan áreas sobre las que conocemos muy poco. 3) Recientemente se han ido acumulando datos que indican que, además de los efectos genéticos, el ambiente social de la cría puede ser sumamemte importante en el desarrollo social y fisiológico. Estudios sobre los efectos del ambiente social de la cría pueden contribuir información importante acerca de la ontología de las diferencias individuales en las especies sociales. 4) También existe evidencia que indica que puede haber variación geográfica importante en las características de algunas especies de roedores sociales. El alcance y las correlaciones ecológicas de esta variación geográfica merecen más atención. 
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